Redox-active disulfide bonds have an important role in regulating protein function and enzymatic activity. Reduced thioredoxin (Trx) 2 cleaves the disulfide bond, "turns on or off a redox switch," and facilitates protein function or activates an enzyme that results from possible conformational changes (1-8). These disulfide bonds are generally "intrasubunit or intramolecular disulfide bonds." When these cysteines are adjacent, the redox change most effectively turns the redox switch on and off (9). As an exceptional case, hetero-oligomer ATP synthase is inhibited via the formation of an intersubunit disulfide bond between the bcЈ and ␥ subunits because of a mechanical standstill of the molecular motor (10). This redox switch directly regulates enzymatic activity and can therefore be categorized as a direct and mechanical function. In the cases in which protein function is facilitated via a conformational change caused by cleavage of a disulfide bond, the redox switch is categorized as an indirect function.
Redox-active disulfide bonds have an important role in regulating protein function and enzymatic activity. Reduced thioredoxin (Trx) 2 cleaves the disulfide bond, "turns on or off a redox switch," and facilitates protein function or activates an enzyme that results from possible conformational changes (1) (2) (3) (4) (5) (6) (7) (8) . These disulfide bonds are generally "intrasubunit or intramolecular disulfide bonds." When these cysteines are adjacent, the redox change most effectively turns the redox switch on and off (9) . As an exceptional case, hetero-oligomer ATP synthase is inhibited via the formation of an intersubunit disulfide bond between the bcЈ and ␥ subunits because of a mechanical standstill of the molecular motor (10) . This redox switch directly regulates enzymatic activity and can therefore be categorized as a direct and mechanical function. In the cases in which protein function is facilitated via a conformational change caused by cleavage of a disulfide bond, the redox switch is categorized as an indirect function.
Rat 3-mercaptopyruvate sulfurtransferase (MST) (EC 2.8.1.2) is a 32.8-kDa simple protein enzyme (11) . MST catalyzes the degradation of cysteine, detoxifies cyanide (12) , and serves as anti-oxidant protein (13) . When oxidative stress builds up in the cells, a sulfur atom of the catalytic site Cys 247 donates an electron to the oxidants, and the cysteine is transiently converted to a sulfenate, resulting in the inhibition of MST. Furthermore, as the sulfenate is at a low redox potential, Trx and DTT reduce it to restore its activity, but reduced glutathione does not affect the activity (13) . Under oxidizing conditions, the cysteine pool is increased because of post-translational inhibition of methionine synthase (14, 15) and post-translational activation of cystathione ␤-synthase (14, 16) . Inhibition of MST conserves cysteine and contributes to increase the cysteine pool. An increase in the cysteine content in the cell results in an increase in the content of cellular reductants such as Trx and glutathione. Thus, MST contributes to maintain redox homeostasis.
In a preliminary study, Escherichia coli reduced Trx activated rat recombinant MST after treatment with DTT, but DTT did not activate MST after treatment with reduced Trx. These findings suggested that reduced Trx reacted with cysteines other than Cys 247 . It is also possible that Trx reacted with Cys 154 and Cys 263 on the surface of MST. MST exhibits monomer-dimer equilibrium (17) . The estimated tertiary structure of rat MST (18) using QUANTA/CHARMm (Molecular Simulations Inc., Tokyo, Japan), based on the x-ray structure of bovine rhodanese (19) , suggests that Cys 154 and Cys 263 in the hydrophobic patch are too far from each other (32 Å) to form an intrasubunit disulfide bond. The dimer is therefore formed via intersubunit disulfide bonds, and reduced Trx would react with the disulfide bond or turn on "a redox switch."
Rat Trx has two redox-active cysteine residues (Cys 31 and Cys 34 ) and four structural cysteine residues (Cys 45 , Cys 61 , Cys 68 , and Cys 72 ) (20) , which are identical to those of human Trx except Cys 45 (21) . Cys 72 is easily oxidized to form an intermolecular disulfide bond (22) and to undergo glutathionylation (23) . Furthermore, they modify the Trx reaction with a target protein, which makes a quantitative analysis of change in the target protein function complicated. On the other hand, exposed cysteines are only two redox-active cysteines (Cys 32 and Cys 35 ) in E. coli Trx (24) . Thus, E. coli Trx has been used to probe a Trx-dependent modification of mammalian protein function (25) (26) (27) . In this study, we confirm that E. coli thioredoxin acts on rat MST. The results provide evidence that reduced Trx also regulates MST at the enzyme level via a redox regulation of intersubunit disulfide bonds.
MATERIALS AND METHODS

Preparation of Wild Type and Mutant MSTs
Rat wild type, C64S (in which Cys 64 is replaced with serine), C154S, C254S, and C263S MST cDNAs were prepared according to a procedure described previously (13) . A cDNA coding a mutant MST, C154S/C263S (in which Cys 154 and Cys 263 are replaced with serine), was synthesized. A C154S MST cDNA inserted into a pET28a vector (Novagen, San Diego) between the NcoI/XhoI sites was used as a template for the mutagenesis. The primers, rC263S-s, GGGGCCTTCCTCTCTGGCAAAC-CCGATG, and rC263S-A, CATCGGGTTTGCCAGAGAG-GAAGGCCCC, were used to replace of Cys 263 with serine. The mutagenesis was performed using a QuikChange sitedirected mutagenesis kit (Stratagene La Jolla, CA). The parameters for the PCR were as follows: for the first segment, one cycle of denaturation at 95°C for 30 s; for the second segment, 13 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 1 min, and extension at 68°C for 8.6 min. The PCR product was digested with DpnI and introduced into Epicurian Coli XL1-Blue using standard protocols except for preculture in Luria Bertani medium without antibiotics at 37°C for 1 h before plating. Sequencing was performed to select each mutagenized cDNA using the synthesized antisense primer, AGGATGGT-TCGGTGTCAC, to examine the replacement of Cys 263 with serine. The mutant cDNA sequence was confirmed by DNA sequencing.
Overexpression and Purification of MSTs
Each pET28a vector containing cDNA of the wild type or mutant MST was introduced into E. coli, BL21 (DE3) cells transformed with a pSTV vector containing GroEL and GroES cDNAs. Each enzyme was overexpressed and purified according to the methods described previously (11) .
Preparation of Thioredoxin Reductase and Wild Type and Mutant Trxs
E. coli thioredoxin reductase (TRD), wild type (Trx 1), C32S, and C35S Trx cDNAs, rat wild type, and C34S Trx cDNAs were prepared according to the procedure of Abe et al.
3 These proteins were then overexpressed and purified accordingly. 3 Rat TRD was purchased from Sigma.
Reduction of E. coli Wild Type, C32S, and C35S Trxs and Rat Wild Type and C34S Trxs
The Trxs (2 mg) were incubated with 10 mM DTT on ice for 12 h in 100 l of 20 mM potassium phosphate buffer, pH 7.4. After gel filtration with a Sephadex G-25 column (1 ϫ 20 cm; GE Healthcare), Trx-containing fractions were collected and concentrated with a Microcon YM-3 filter (Millipore, Billerica, MA). Rat redox Trx would be easily oxidized to form a dimer via an intermolecular disulfide bond, after DTT is removed. Thus, the rat Trx, in which redox-active cysteines are reduced, is referred as a rat reduced Trx.
Establishment of Reduced Trx System and Trx-TRD-NADPH System for MST Activation
In the Trx-TRD-NADPH system, after incubation of 12 M wild type MST with NADPH (0, 12, 60, 120, and 300 M), E. coli or rat Trx (0, 12, 24, 48, 60, and 120 M), and E. coli or rat TRD (0, 12, 1.2, 0.6, 0.24, and 0.12 M) in 10 l of 20 mM potassium phosphate buffer, pH 7.4, on ice for 20 min, a 5-l aliquot of the mixture was used for the rhodanese activity assay. In the E. coli or rat reduced Trx system, after incubation of 12 M wild type MST with E. coli or rat reduced Trx (0, 12, 24, 48, 60, and 120 M) in 10 l of 20 mM potassium phosphate buffer, pH 7.4, on ice for 20 min, a 5-l aliquot of the mixture was used for the rhodanese activity assay. Additionally the rat reduced Trx system with 1.2 mM DTT was also examined.
Time 12.5) was examined in 5 l of 20 mM potassium phosphate buffer, pH 7.4, on ice for 1, 5, 10, 15, and 20 min, and the mixture was used for the rhodanese activity assay. Furthermore, the rat reduced Trx system with 1.2 mM DTT and the Trx-TRD-NADPH system with 1.2 mM DTT were also examined.
Activation Study of MST Using DTT, Reduced Trx, and Trx-TRD-NADPH Systems
To remove an outer sulfur of some persulfurated MST, MST was incubated with a 100-fold molar dose of potassium cyanide (Wako Pure Chemicals, Osaka, Japan) in 20 mM potassium phosphate buffer, pH 7.4, on ice for 40 min, and cyanide was removed using a PD10 column (GE Healthcare). Enzyme-containing fractions were collected and concentrated with a VIVASPIN (10,000 molecular weight cutoff; Sartorius, Goettingen, Germany).
In an activation system using DTT, or E. coli or rat reduced Trx, after incubation of wild type MST with a 100-fold molar dose of DTT or a 5-fold molar dose of reduced Trx in 20 mM potassium phosphate buffer, pH 7.4, on ice for 20 min, DTT was removed using a PD10 column, and enzyme-containing fractions were collected and concentrated with a VIVASPIN. When MST was activated in the Trx-TRD-NADPH system, wild type MST was incubated in a mixture ( and the ratio of the specific activity of one experimental result to another was calculated.
Kinetic Studies
To investigate the mechanism of MST activation by reduced Trx, kinetic studies of untreated and activated wild type, C64S, C254S, and C154/236S MSTs by reduced Trx were performed.
As the double-reciprocal plots of velocity versus potassium cyanide concentration were not linear when rhodanese activities were measured with MSTs (18), apparent K m and k cat values for thiosulfate were determined with a constant concentration of potassium cyanide at 60 mM. After incubation of 6 M of mutant MSTs with 0 or 30 M (5-fold molar dose), reduced Trx in 10 l of 20 mM potassium phosphate buffer, pH 7.4, on ice for 20 min, rhodanese activity was measured using an assay mixture containing 60 mM potassium cyanide and 20, 30, 40, 50, or 60 mM thiosulfate. For the study of wild type MST, after 6 M of MST was incubated with 0, 3, 6, 12, or 30 M reduced Trx or 0.6 mM DTT, rhodanese activity was measured using an assay mixture containing 60 mM potassium cyanide, and 12.5, 20, 30, 40, 50, or 60 mM thiosulfate.
Percentage of Free SH Groups Under Air-saturated Conditions
For titration of the enzymes under reducing conditions, oxygen in the solvent was removed using a glass apparatus by sequential evacuation and re-equilibration with oxygen-free argon. Oxygen-free argon was prepared by passing commercially obtained pure argon through a column of a Chromatopack Gas-Clean Oxygen Filter CP17970 (Varian, Inc., Palo Alto, CA). After incubation of 300 M wild type, C154S, C263S, and C153S/C236S MSTs with 5 mM DTT in 30 l of 20 mM potassium phosphate buffer, pH 7.4, on ice overnight under anaerobic conditions, DTT was removed from each sample with a NAP 5 column before analysis.
Each enzyme (20 M) was incubated with 0.5 mM 5,5Ј-dithiobis(2-nitrobenzoic acid) in 20 mM potassium phosphate buffer, pH 8.0, at 25°C for 60 min, and the change in absorbance at 412 nm (⑀ 412 ϭ 13,600 M Ϫ1 ) was measured. The ratio of free SH groups of each enzyme under air-saturated conditions to that under reducing conditions was calculated.
Activation Mechanism
HPLC Analysis during Trx Activation of MSTs-Wild type, C154S, C263S
, and C154S/C263S MSTs (0.3 nmol) were incubated with E. coli reduced wild type, E. coli C32S, or E. coli C35S Trx (1.5 nmol) in 20 l of 20 mM potassium phosphate buffer, pH 7.0, on ice for 20 min. Untreated and C35S Trx-treated wild type MST were incubated with 1.5 mM DTT in 20 l of 20 mM potassium phosphate buffer, pH 7.0, on ice for 20 min and 12 h. All samples were analyzed using an HPLC system (PU-2080Plus and UV2075Plus, JUSCO, Tokyo, Japan) equipped with two TSK gel filtration columns (G3000SW XL , 7.8 mm ϫ 30 cm and G2000SW XL , 7.8 mm ϫ 30 cm, TOSOH Corp., Tokyo, Japan), which were connected in series. The mobile phase was composed of 0.2 M potassium phosphate buffer, pH 7.0; the flow rate was 0.5 ml/min, and detection was made at 280 nm.
For the calibration curve, a gel filtration standard (Bio-Rad) containing thyroglobulin (670 kDa), bovine gamma globulin (158 kDa), chicken ovalbumin (44 kDa), and equine myoglobin (17 kDa) was used.
Trx Attack Mode-After wild type MST (12 M) was incubated with E. coli reduced C32S Trx (0, 36, 60, or 120 M) or reduced C35S Trx (0, 36, 60, 120, or 360 M) in 10 l of 20 mM potassium phosphate buffer, pH 7.4, on ice for 30 min, a 10-l aliquot of the mixture was assayed for the rhodanese activity. Another 5-l aliquot was further incubated with DTT (1.2 mM) on ice for 30 min and then assayed for rhodanese activity.
MST Rhodanese Activity Assay
A procedure to measure rhodanese activity by catalyzing the trans-sulfuration from mercaptopyruvate to ␤-mercaptoetha- After incubation for the predetermined time, the rhodanese activity of each MST was assayed. The ratio of rhodanese activity for each MST to the control activity was calculated. B, NADPH dose-dependent activation of MST using an E. coli (Ⅺ) or rat Trx (f). MST (12 M), various concentrations of NADPH (0, 12, 50, 120, and 300 M), E. coli or rat Trx (60 or 12 M, respectively), and E. coli or rat TRD (0.24 or 0.6 M, respectively) were incubated on ice for 20 min, and the rhodanese activity of each MST was assayed. C, Trx dose-dependent activation of MST using an E. coli (Ⅺ) or rat Trx (f). MST (12 M), various concentrations of E. coli or rat Trx (0, 12, 24, 48, 60, and 120 M), NADPH (150 M), and E. coli or rat TRD (0.24 or 0.6 M, respectively) were incubated on ice for 20 min. D, TRD dose-dependent activation of MST using an E. coli (Ⅺ) or rat Trx (f). MST (12 M), various concentrations of E. coli or rat TRD (0, 0.12, 0.24, 0.6, 1.2, and 12 M), NADPH (150 M), and E. coli or rat Trx (60 or 12 M, respectively) were incubated. E, reduced Trx dose-dependent activation of MST using an E. coli (p) or rat (s) reduced Trx. MST (12 M), various concentrations of E. coli, or rat reduced Trx (0, 12, 24, 48, 60, and 120 M) was incubated. Furthermore, 1.2 mM DTT was incubated with rat reduced Trx (z). Data are shown as the mean Ϯ S.E. (error bar), (n ϭ 3). nol would not be appropriate for this experiment, because ␤-mercaptoethanol reduces disulfide bonds formed between subunits during incubation in the assay mixture. MST possesses rhodanese activity, which catalyzes trans-sulfuration from thiosulfate to cyanide (11, 18) ; therefore, it was this rhodanese activity of MST that was measured.
Protein Determination
The protein concentrations were determined with a Coomassie protein assay kit (Pierce) with crystalline bovine serum albumin (ICN Biochemicals, Irvine, CA) as the standard.
RESULTS
Time and Dose Dependence of Enzymatic Activity of MST by
Reduced Trx and Trx-TRD-NADPH Systems-MST was activated in a time-dependent manner by the E. coli or rat reduced Trx system, and also by the E. coli or rat reduced Trx-TRD-NADPH system (Fig. 1A) . MST activation quickly proceeded with increasing concentrations of reagents in each reducing system (Fig. 1, B-E) . These findings suggest that, similar to rat Trx, E. coli Trx reacts with rat MST. In the E. coli Trx-TRD-NADPH system, MST activity increased to 4.5-fold that of the control with 48 M E. coli Trx and 0.24 M E. coli TRD (Fig. 1, C  and D) . In the rat Trx-TRD-NADPH system, MST activity increased to 3-fold that of the control with 12 M rat Trx and 0.6 M rat TRD (Fig. 1, C and D) . In the E. coli reduced Trx system, MST activity increased to 4.5-fold that of the control with 48 M E. coli Trx (Fig. 1E ). In the rat reduced Trx system, MST activity increased to 3.0-fold that of the control with 60 M rat Trx (Fig. 1E) . It is noteworthy that additional treatment with DTT (1.2 mM) increased MST activity to 5-fold that of the control, implying that DTT acted on rat Trx to modify its function and/or directly activated MST (Fig. 1E) .
For the Trx-TRD-NADPH system in this study, we determined that the ratio of [MST] in the activation of MST.
The results of a comparative study using rat Trx and rat TRD are shown in Table 1 and Fig. 1 . The rat Trx-TRD-NADPH system and rat reduced Trx activated wild type MST to 3.1-and 3.0-fold that of the control, respectively. It is noteworthy that, although DTT co-existed in the reducing systems using rat Trx, these activities further increased to 4.8-and 5.0-fold that of the control, respectively (Fig. 1E and Table 1 ). These findings are similar to those of experiments using E. coli Trx and E. coli TRD.
It is strongly suggested that DTT modifies rat Trx function to further activate MST probably because of reduction of an intersubunit disulfide bond at Cys 72 in a rat Trx dimer, which dissolved oxygen would easily form. The reducing system using rat Trx is not suitable for a quantitative study of Trx function on a protein. e Specific activity of a group in which DTT was removed on a PD10 column after treatment of MST with 1.2 mM DTT, and the DTT-treated MST was incubated by 60 M E. coli reduced Trx. f Specific activity of a group in which 1.2 mM DTT was added after MST was treated by 60 M E. coli reduced Trx. MST cannot be separated from the mixture of MST and Trx. g The same experiments were carried out using rat Trx and rat TRD. Data are shown as a ratio of each mean specific activity to that of untreated, DTT-treated, or reduced Trx-treated MST. Each standard error is within 8% of the mean number (n ϭ 3, data not shown).
Kinetic Studies of the Enzymatic Activation-As the action of E. coli wild type Trx on Cys
154 , Cys 263 , and Cys 247 of MSTs cannot be clearly discriminated, the results of the overall activation kinetics were compared. Lineweaver-Burk plots and kinetic parameters for wild type, C64S, C154S, C254S, C263S, and C154S/C263S MSTs are shown in Fig. 2 Lineweaver-Burk plots for wild type, C64S, and C254S MSTs had a similar pattern (Fig. 2) , and the values of k cat(app) /K m(app) for untreated MSTs were 11, 7.0, and 9.1 (min Ϫ1 mM Ϫ1 ), respectively ( Table 2 ). On the other hand, Lineweaver-Burk plots for C154S, C263S, and C154S/C263S MSTs resembled each other. These three MSTs were low responsive to reduced Trx, and the k cat(app) /K m(app) values for untreated MSTs were 15, 18, and 37 (min Ϫ1 mM Ϫ1 ), respectively ( Table 2) . Furthermore, the ratios of k cat(app) /K m(app) for Trx-treated MST compared with that for the untreated MST were 1.5, 1.3, and 1.2, respectively. These findings suggest that C154S, C263S, and C154S/C263S MSTs mimic the active form of MST. The , and 1.6 ϫ 10 min Ϫ1 mM Ϫ1 , respectively. Gel Filtration HPLC Analysis Using E. coli Wild Type TrxChromatograms of untreated wild type, C154S, and C263S MSTs revealed that they had each monomer (retention time of 35.8 min)-dimer (32 min) equilibrium, and the dimer contents were 7.8 ( Fig. 3 ), 1.6, and 12.2%, respectively. It is noteworthy that C154S/C263S MST consisted of a monomer alone (Fig. 3) . E. coli reduced wild type Trx decreased the dimer content to 1.0, 1.1 (data not shown), and 3.0% (data not shown), respectively, at 20 min when each enzyme was fully activated (Fig. 3) . DTT very slowly decreased the dimer content of wild type MST to 7.2% at 20 min and to 4.2% at 12 h (Fig. 3) (Fig. 4) . On the other hand, E. coli reduced C35S Trx with or without DTT treatment dose-dependently activated MST to 4.5-and 1.8-fold that of the control, respectively (Fig. 4) . HPLC analysis (Fig. 3) indicated that E. coli reduced C32S Trx did not change the dimer content under air-saturated conditions. On the other hand, E. coli reduced C35S Trx decreased both dimer and monomer contents, and the chromatogram was consistent with the estimation that an MST-C35S Trx complex (44.6 kDa, 33.6 min), an MST-2xC35S Trx complex (56.4 kDa, 32.9 min), an MST3xC35S Trx complex (68.2 kDa, 31.9 min), a 2xMST-C35S Trx (Fig. 5) . But each complex cannot be clearly distinguished in this HPLC system. Furthermore, DTT treatment diminished the number of these MST-Trx complexes (covalent intermediates). These findings suggest that Cys 32 of Trx attacks an intersubunit disulfide bond and a sulfenyl Cys 247 to form Trx-MST complexes (Fig. 5) .
A comparative study using rat reduced C34S Trx, in which Cys 34 corresponded to Cys 35 of E. coli Trx, was performed. Reduced C34S Trx with or without DTT treatment dose-dependently activated MST to 4.9-and 1.7-fold that of the control, respectively.
DISCUSSION
Rat recombinant wild type MST had a monomer-dimer equilibrium with assistance of cellular redox substances, and the monomer to dimer ratio was ϳ9 to 1 in 0.2 M potassium phosphate buffer, pH 7.0. On the other hand, rat authentic MST from the liver also had a monomer-dimer equilibrium, with a ratio of ϳ2 to 1 (17) . Some oxidants other than dissolved oxygen in the liver tissue might increase the dimer content. Considering the small ratio of intersubunit disulfide bonds, Trx effectively reduced the bonds to activate MST. The reversibly monomer-dimer equilibrium could increase the dimer content.
Oxidants formed a sulfenate at Cys 247 to inhibit MST, and DTT and Trx reduced MST to restore the activity, but glutathione did not affect the MST activity (13) . Under air-saturated conditions, after some MSTs containing sulfenyl Cys 247 were treated with reduced Trx, DTT did little to activate MST. On the other hand, after treating MST with DTT (Table 3) , Trx was further activated by MST via reduction of the intersubunit disulfide bonds. It has been approved that "an intrasubunit disulfide bond" serves as a redox switch for the regulation of protein function (1-9). The present findings that "an intersubunit disulfide bond" serves as a redox switch for enzyme activation is new.
Although the MST activity was increased by reduced Trx, k cat(app) was increased and K m(app) was decreased with an increase of reduced Trx concentration. This activation did not involve allosteric effects because the activation followed Michaelis-Menten kinetics. DTT also activated MST chiefly via reduction of a sulfenyl Cys 247 with an increase in k cat(app) and a decrease in K m(app) . This activation also followed Michaelis- Menten kinetics. The reduction of the intersubunit disulfide bond cannot be separately observed because the reduction of a sulfenyl Cys 247 by reduced Trx or DTT quickly but simultaneously proceeded. As DTT quickly reduced the sulfenate at Cys 247 and extremely slowly reduced the intersubunit disulfide bond, the activation of DTT-treated MST by reduced Trx can be regarded as an apparent single reaction via reduction of the intersubunit disulfide bond.
Reduced Trx and DTT did not increase C154S, C263S, and C154S/C263S MST activity, and kinetic properties of these MSTs were similar to those of MST, which was activated by reduced Trx. These findings suggest that cleavage of the intersubunit disulfide bonds could induce the conformational change that is required for MST to become the activated form (Fig. 6 ). After C154S, C263S, and C154S/C263S MSTs were incubated on ice for 3 days, each activity was decreased via oxidation of each catalytic site Cys 247 , and DTT and reduced Trx well restored the activity. 4 The results indicate that C154S, 4 N. Nagahara, unpublished data. A balance of reduced Trx and dissolved oxygen regulates the monomerdimer equilibrium in this in vitro study. These findings are consistent with the finding that rat recombinant MST had a prominently broad band in a native PAGE. 4 Trx also regulates the activity of ␣-glucan, water dikinase in a higher plant, and Trx f most effectively affects the enzyme activity via reduction of the intrasubunit disulfide bond among Trx f , Trx mf , and DTT (34) . The specificity of Trx f for this enzyme is determined by a consensus sequence "CFATC" contained in the active site. MST does not contain an intrasubunit disulfide bond nor is this consensus sequence essential for Trx binding (35, 36) , although sequences around Cys 154 and Cys 263 of rat MST are related or identical to parts of rat and E. coli TRD sequences (Fig. 7) .
In mammalian cells, Trx concentration is 0.01-1.2 M (37-39). On the assumption that cellular protein content is ϳ160 mg/ml (40, 41), we estimate intracellular MST concentration based on purification data to be 0.2-3 M (18, 42) ; Trx concentration ranges between 1/300-and 5-fold that of MST, and therefore Trx can activate MST. Furthermore, after incubation of 1 M MST with 1 M E. coli or rat Trx, 12.5 M NADPH (within physiological concentration), and 1 M E. coli or rat TRD (within estimated physiological concentration ranging between 0.9 and 24 M) (28, 43, 44) , the activity was measured. Each activity increased to 2.8-and 1.9-fold that of each control, respectively. The present MST activation model can represent intracellular metabolism, although the other redox-regulating factors should participate in this reaction.
MST serves as an antioxidant protein via the formation of a sulfenate at Cys 247 , and cellular redox regulates the enzymatic activity (13) . Moreover, although the cells are recovering from oxidizing conditions, reduced Trx turns on the redox switch (i.e. Trx cleaves an intersubunit disulfide bond) to activate MST that results from possible conformational changes. The results of this study strongly suggest that MST participates in the maintenance of cellular redox homeostasis.
